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Abstract 
The specific recognition between the import receptor importin-α and the nuclear localization signals 
(NLSs) is crucial to ensure the selective transport of cargoes into the nucleus. NLSs contain one or 
two clusters of positively-charged amino-acids, which usually bind to the major (monopartite NLSs) 
or both minor and major NLS-binding sites (bipartite NLSs). In our recent study, we determined the 
structure of importin-α1a from rice (Oryza sativa), and made two observations that suggest an 
increased utilization of the minor NLS-binding site in this protein. Firstly, unlike the mammalian 
protein, both the major and minor NLS-binding sites are auto-inhibited in the unliganded rice protein. 
Secondly, we showed thatNLSs of the ‘plant-specific’ class preferentially bind to the minor NLS-
binding site of rice importin-α. Here, we show that a distinct group of ‘minor site-specific’ NLSs also 
bind to the minor site of the rice protein. We further show a greater enrichment of proteins containing 
these “plant-specific’ and ‘minor site-specific’ NLSs in the rice proteome. However, the analysis of 
the distribution of different classes of NLSs in diverse eukaryotes shows that in all organisms, the 
minor site-specific NLSs are much less prevalent than the classical monopartite and bipartite NLSs. 
 
TEXT 
In eukaryotes, selective import of proteins into the nucleus is an essential process and subject to 
stringent regulatory controls. The classical nuclear import pathway employs importin-α (Impα) as 
an adaptor protein that recognizes the nuclear localization signal (NLS) on the protein destined to 
the nucleus.1-3 The NLSs contain one cluster (monopartite NLSs) or two clusters of basic residues 
(bipartite NLSs), connected by a linker region of ~10-12 residues. There are two separate NLS-
binding sites on Impα, termed major and minor NLS-binding sites, which can accommodate these 
basic clusters. Although our knowledge of nuclear import in plants is less advanced than the 
understanding in mammals and yeast, an increasing number of components of the plant nuclear 
import machinery have been identified in recent years.4,5 
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While the general characteristics of the transport machinery are conserved between plants and other 
organisms, some differences have been observed in terms of preferences for NLSs,6-8 the involvement 
of plant-specific components 9 and the functionality of the import receptors.10 Impα from 
Arabidopsis thaliana (AtImpα) can recognize three different classes of NLSs: (i) the classical 
monopartite (exemplified by the NLS from the simian virus40 large T-antigen (SV40TAgNLS)) 
and (ii) bipartite (exemplified by NLS found in a maize Opaque-2 transcription factor) NLSs, and 
(iii) the NLSs related to the NLS from yeast Matα2 11-14.The Matα2-like NLSs have been reported 
to be functional in yeast and plants, but have been shown not to bind to Impα1 from rice.13,15,16 
 
A random peptide library screen applied to human, plant, and yeast Impα variants suggested six 
classes of NLS consensus sequences,17 comprising classical monopartite (class-1 and -2) and 
bipartite (class-6) NLSs, and three new classes: minor site-specific (class-3 and -4) and plant-
specific(class-5) NLSs (Table 1). The molecular basis of the binding of NLSs from these six classes 
to Impα has not been fully elucidated. We recently demonstrated that class-5 plant-specific NLSs 
show stronger binding to rice Impα1a (rImpα1a) than to the mouse (mImpα) and yeast (yImpα) 
proteins, and that they bind preferentially to the minor NLS-binding site of rImpα1a.18 Interestingly, 
the consensus sequence of class-5 plant-specific NLSs shows only limited similarities to the 
consensus sequences of theclass-3 and -4 minor site-specific NLSs17 (Table 1). 
 
Here, we aimed to further characterize the distinct utilization of the minor NLS-binding site in 
rImpα1a. We first tested the binding of a class-3 minor site-specific NLS17-19 to rImpα1a,and show 
that it binds with nM affinity and preferentially to the minor NLS-binding site. Structure analyses 
suggest that this NLS can bind to the minor NLS-binding site of rImpα1a in an analogous 
conformation as to mImpα, and that similar reasons prevent it from binding to the major site of both 
the rice and mouse proteins.We then analyzed bioinformatically the distribution of the six classes of 
NLSs in different yeast, plant and mammalian proteomes. These data indicate a greater prevalence 
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of proteins containing class-5 plant-specific NLSs as well as class-3 minor site-specific NLSs in the 
rice proteome, suggesting a greater usage of the minor NLS-binding site by rice Impα proteins. 
However, the class-5 and class-3 minor site-specific NLSs are rare in all organisms, and the 
classical monopartite (class-1 and -2) and bipartite NLSs account for the majority of identified 
NLSs. 
 
Mutational analysis confirms the binding of class-3 minor site-specific NLSs to the minor site 
of rimpα1a 
While we demonstrated that plant-specific NLSs bind to the minor NLS-binding site of 
rImpα1awith nM affinity,18 their consensus sequence differs significantly from the class-3 and 
class-4 minor site-specific NLSs characterized  by Kosugi and co-workers17 (Table 1). Here, we 
investigated the binding of the peptide B6 (S1SHRKRKFSDAF12), a representative of the class-3 
minor site-specific NLSs,17 to rImpα1aΔIBB (rImpα1a lacking the importin-β-binding domain18). 
Our data indicate that B6 binds strongly to rImpα1aΔIBB, with an affinity of 23 nM (Table 2).This 
affinity falls in the range between 10 nM to 1μM proposed for functional NLSs.20-22 B6 binding is 
only affected marginally when a major NLS-binding site mutant18 (rImpα1aΔIBBD188K) is used. By 
contrast, a point mutation in the minor NLS-binding site18 (rImpα1aΔIBBE388R) results in a 30-fold 
decrease in the binding affinity between B6 and rImpα1aΔIBB (Table 2). These results confirm that 
the class-3 minor site-specific NLSs utilize the minor NLS-binding site as a preferential binding site 
in rImpα1a, consistent with their interaction with mouse Impα.19 
 
The structural basis of class-3 minor site-specific NLS binding to rImpα1a 
To investigate the structural basis of class-3 minor site-specific NLS interacting withrImpα1a, we 
superimposed the structure of rImpα1aΔIBB (from the SV40TAgNLScomplex; PDB ID 4B8O)18 
onto the structure of mImpα ΔIBB in complex with the B6peptide (PDB ID3ZIQ)19 (the root-mean-
square distance (RMSD) for 374 Cα atoms is 1.62 Å). The superposition shows that the peptide 
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conformation in the mImpα complex is compatible with its binding to rImpα1a (Fig. 1A). The B6 
peptide-binding determinants are conserved between the mouse and rice proteins. While the basic 
cluster (R4KRK7) in the B6 peptide binds in a conformation analogous to classical NLSs binding to 
mImpα, the C-terminal region of B6 and other class-3 minor site-specific NLSs forms a α-helical 
turn,19 which is distinct from other conformations adopted by NLSs binding to Impα.3,18,21,23-27 
Superposition of the entire B6 peptide in its minor site-binding conformation onto the major NLS-
binding site shows a steric clash with the N-terminal region of rImpα1aΔIBB (Fig. 1B), analogous 
to what is observed in mImpα.19 The analysis supports our results on the binding to the rImpα1a 
ΔIBB mutant proteins with substitutions in the NLS-binding sites. The two residues in the minor 
NLS-binding site (Arg315 and Lys353 in mImpα) that are involved in stabilising the formation of 
the α-helical turn by forming cation-π interactions28 with the B6 residues Phe8 and Phe12 in the 
structure of the B6:mImpα1aΔIBB complex are conserved in rImpα1a (Arg306 and Lys345).Our 
structural analysis supports the conclusion that class-3 minor site-specific NLSs can bind to rImpα 
in a manner analogous to their binding to mImpα. 
 
Distribution of the six classes of NLSs in the proteomes from different organisms  
NLS binding to rice Impα suggests an increased usage of the minor NLS-binding site for nuclear 
cargo proteins in rice and presumably plants in general. To compare the distribution of the six 
classes of NLS sequences in the proteomes from representative plants, yeast, and mammals, we 
performed bioinformatic analyses using two different approaches. The two approaches used regular 
expression patterns and position weight matrices (PWMs),18,29 respectively, to describe the six 
classes of NLS, based on the data by Kosugi and coworkers17(Fig. 2). The two approaches were 
used to screen the complete proteomes of plants (monocots Oryza sativa and Sorghum vulgare; 
dicots A. thaliana, Vitis vinifera, Solanum tuberosum and Solanum lycopersicum), yeast 
(Saccharomyces cerevisiae) and mammals (Homo sapiens and Mus musculus). The alignments 
provided by Kosugi and coworkers were modified to include data from their amino-acid 
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replacement analysis17. For bipartite NLSs, three PWMs were constructed based on different 
lengths of the linker region (and designated here as classes 6, 7, and 8 for 10, 11, and 12 residues in 
the linker region, respectively). The threshold for the PWM score of each class was determined to 
obtain the maximum Matthews correlation coefficient (MCC) for each organism. The MCC was 
calculated from the absolute counts of the protein sequences for true and false positives and negatives, 
to indicate the quality of the binary classification for each proteome, based on nuclear localization 
as annotated by the Gene Ontology (GO) in UniProt (cellular component “nucleus” or any of its 
sub-compartments). 
 
Tables 3 and 4 show the results based on both approaches. Like simple consensus sequences, the 
limitation of the regular expression approach is that it is rigid (requires an exact match). Albeit 
limited in terms of the dependencies they capture, PWMs can model degrees of interaction between 
the NLS and Impα.30 The PWM approach is therefore preferred, however to reach its full potential, 
it requires rich data.29 In this particular case, the data that the representations of the six classes of 
NLSs are based on17 are limited, which should be considered when interpreting the results. Overall, 
the analysis shows that across all the proteomes compared, proteins containing the ‘classical’ 
monopartite (class-1 and -2) and bipartite NLSs are much more prevalent than the non-classical 
NLSs (class-3 and -4 minor site-specific, and class-5 plant-specific NLSs). The data confirm the 
observations from our previous study18 of a greater prevalence of class-5 plant-specific NLSs in the 
rice proteome. The rice proteome also shows a greater proportion of class-3 minor site-specific 
NLSs, compared to the other plant species, suggesting a greater usage of the minor NLS-binding 
site in rice Impα protein. However, even in rice, the class-5 and class-3 minor site-specific NLSs 
are the rarest NLS classes, with class-4 minor site specific NLSs bring significantly more common, 
and the classical monopartite (class-1 and -2) and bipartite NLSs accounting for the majority of 
identified NLSs. 
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Conclusions 
In plants, the ancestral Impα1-like gene diversified to give rise to different Impα variants.31,32 
Phylogenetic studies indicate that distinct numbers of Impα variants exist in different plants.4,18,33 
Most studies of plant Impα proteins used A. thaliana, which contains nine different variants showing 
different functionalities. For example, AtImpα3 is suggested as a vital player in plant innate immunity34 
and AtImpα4 is involved in the Agrobacterium-mediated transformation.35 Likewise, although only 
three variants have been identified in rice (α1a, α1b, and α2), differential tissue expression and light 
responsiveness in different isoforms have been reported.12,15,36 These observations imply that plant 
Impα variants, analogous to their counterparts from yeast and mammals,37 can interact with specific 
binding partners from plants and invading microbes38with roles in distinctive cellular activities. Our 
group has been using structural, biochemical and bioinformatic approaches to characterize the 
specific recognition between Impα and NLSs in an effort to improve our understanding of nuclear 
import and the composition of the nuclear proteome. 
 
Here, together with our previous study,18 we show that two groups of non-classical NLSs, class-3 
minor site-specific and class-5 plant-specific NLSs, preferentially bind to the minor NLS-binding 
site of rImpα1a with nM affinity. The interaction between these NLS peptides and rImpα1aΔIBB 
falls within the functional affinity limits,18,20-22 which suggests these non-classical NLSs are able to 
act as functional NLSs. Although both classes of NLSs bind to the minor NLS-binding site 
preferentially, the binding conformations of the NLSs are different to each other. The class-5 plant-
specific NLSs display an extended conformation in the C-terminal region of the peptide when bound 
to rImpα1a18, whileclass-3 minor site-specific NLSs display an α-helical turn in their C-terminal 
region, stabilized by cation-π interactions with basic residues from mImpα.19 We show here that 
that class-3 minor site-specific NLSs are likely to use an analogous binding mode when binding to 
rImpα1a. Both binding conformations are distinct from the binding of the other monopartite NLSs 
to Impα proteins characterized structurally to date.3,23-25,27 
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Our structural studies support an increased usage of the minor site in rice Impα, compared to 
mammalian and yeast proteins. We have previously shown that the proportion of proteins 
containing plant-specific NLSs is higher in rice compared to any yeast and mammalian proteomes 
analyzed, and also compared to Arabidopsis.18 Here, we analysed the distribution of the six classes 
of NLS sequences in the proteomes from plants, yeast, and mammals. Interestingly, rice proteome 
not only has a greater prevalence of proteins containing the class-5 NLSs, but also the class-3 NLSs, 
compared to the other species investigated here. However, the classical (monopartite (class-1 and -2) 
and bipartite (class-6) NLSs are much more prevalent in all proteomes than the non-classical NLSs 
(classes 3-5). 
 
The different classes of NLSs employ different binding modes to bind to the NLS-binding sites of 
Impα. Notably, the preferential binding site for the non-classical NLSs (class-3 and class-5) is the 
minor NLS-binding site, whereas the class-1 NLSs bind to the major NLS-binding site. Intriguingly, 
the binding of plant-specific NLSs to the minor NLS-binding site coincides with the additional 
auto-inhibitory segment found in the minor site of rImpα1a.18 This may be important in terms of the 
regulation of the nuclear import cycle, in particular the release of cargo proteins with minor site-
specific NLS from Impα in the plant nucleus. 
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Figure Legends 
Figure 1 
The α-helical turn prevents the minor site-specific NLSs binding to the major NLS-binding sitein 
rice rImpα. The structure of the B6:mImpα ΔIBB (PDB ID 3ZIQ19)complex was superimposed onto 
the structure of SV40TAgNLS:rImpα1aΔIBB complex(PDB ID 4B8O18). (a) The structure of B6 
peptide in the minor NLS-binding site (magenta in cartoon representation) from its complex with 
mImpα ΔIBB (not shown) superimposed onto the structure of rImpα1aΔIBB (in green cartoon and 
surface representations). (b) The structure of B6 peptide in the conformation as it is found bound to 
the minor site (magenta in cartoon representation), but superimposed onto the peptide in the major 
site ofmImpα ΔIBB (not shown) and the structure of rImpα1aΔIBB (in green cartoon and surface 
representations). There is a steric clash (magnified at the right-hand corner) between the B6 peptide 
and N-terminal region of rImpα1aΔIBB. The images in (a) and (b) are related by a 90° rotation 
around the x-axis. 
 
Figure 2  
Logos for the NLS sequence alignments, and the regular expression patterns of the NLS classes used 
in this study. Aligned sequences identified by Kosugi and co-workers,17 including the data from 
their amino acid replacement analysis were used to derive the regular expression patterns. Classes 
610, 611, and 612 are class-6 classical bipartite NLSs, but with different linker lengths (10, 11, and 12 
residues, respectively). The logos were created by WebLogo 3.3.39 
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Table 1 
Consensus sequences of six classes of NLSs.17 
 
NLS class Consensus sequencea 
Class-1 KR(K/R)R, K(K/R)RK 
Class-2 (P/R)XXKR(ˆDE)(K/R) 
Class-3 KRX(W/F/Y)XXAF 
Class-4 (R/P)XXKR(K/R)(ˆDE) 
Class-5 LGKR(K/R)(W/F/Y) 
Class-6 KRX10–12K(KR)(KR) or KRX10–12K(KR)X(K/R) 
 
aX, any amino-acid; ^D/E, any amino-acid except Asp or Glu. 
 
 
Table 2 
The dissociation constants (Kd; μM) for rImpα1aΔIBB:NLS interactionsa 
 
 NLS 
 SV40Tag B6 
rImpα1aΔIBB 0.007±0.001 0.023 ±0.004 
rImpα1aΔIBBD188K 
(major-site mutant) 
0.68±0.094b 0.025 ±0.005 
rImpα1aΔIBBE388R 
(minor-site mutant) 
0.047±0.008b 0.81 ±0.22 
 
 15
aThe Kdvalues (presented in μM) were calculated using program GraphPad (Prism). Each assay was 
performed in triplicate and the values with standard error correspond to the best fit to the one-site 
specific binding equation [Y = Bmax*X/(Kd + X), Bmax is the maxium specific binding with the same 
unit as Y, Kdis the equilibrium binding constant and X is ligand concentration].  
b values from 18.   
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Table 3 
Distribution of the six classes of NLS sequences in the proteomes from different organisms, using 
the regular expression approacha 
 
Numbers of proteins Count of proteins with NLS class Proportions of NLS class in NLS count (% Proportion of proteins with NLS class (%) 
MCC TP TN FP FN Total Nuclear1 2 3 4 5 6 1 2 3 4 5 6 1 2 3 4 5 6 
O. sativa 0.071 550 51150 5412 2249 59361 2799 3212 1985 17 1830 36 837 40.57 25.07 0.21 23.11 0.45 10.57 5.41 3.34 0.03 3.08 0.06 1.41 
S. vulgare 0.068 358 21911 2594 1541 26404 1899 1680 847 8 836 4 460 43.81 22.09 0.21 21.80 0.10 11.99 6.36 3.21 0.03 3.17 0.02 1.74 
A. thaliana 0.167 993 25297 2608 2902 31800 3895 1937 1063 8 943 0 753 41.18 22.60 0.17 20.05 0.00 16.01 6.09 3.34 0.03 2.97 0.00 2.37 
V. vinifera 0.11 332 25428 2150 1213 29123 1545 1347 702 9 681 0 418 42.67 22.24 0.29 21.57 0.00 13.24 4.63 2.41 0.03 2.34 0.00 1.44 
S. tuberosum 0.093 291 47385 4214 813 52703 1104 2346 1254 7 1163 7 931 41.10 21.97 0.12 20.37 0.12 16.31 4.45 2.38 0.01 2.21 0.01 1.77 
S. lycopersicum 0.112 344 30318 2715 1074 34451 1418 1712 913 11 898 5 569 41.67 22.22 0.27 21.86 0.12 13.85 4.97 2.65 0.03 2.61 0.01 1.65 
S. cerevisiae 0.239 503 4146 287 1692 6628 2195 412 197 1 184 0 234 40.08 19.16 0.10 17.90 0.00 22.76 6.22 2.97 0.02 2.78 0.00 3.53 
H. sapiens 0.194 1866 32751 2774 6180 43571 8046 2473 1396 13 1528 4 998 38.57 19.93 0.20 23.83 0.06 15.56 5.68 3.20 0.03 3.51 0.01 2.29 
M. musculus 0.211 1848 23677 2299 5313 33137 7161 2244 1278 15 1371 0 920 38.50 21.93 0.26 23.52 0.00 15.79 6.77 3.86 0.05 4.14 0.00 2.78 
 
aDifferent plant, yeast, and mammalian reference proteomes were taken from UniProt (June, 2013) 
as representatives of monocot plants (Oryza sativa, subsp. Japonica, Sorghum vulgare), dicot plants 
(A. thaliana, Vitis vinifera, Solanum tuberosum, Solanum lycopersicum), yeast (Saccharomyces 
cerevisiae) and mammals (Homo sapiens, Mus musculus). MCC: Matthews correlation coefficient; 
TP and TN: true positive and true negative numbers of proteins; FP and FN: false positive and 
negative numbers of proteins. PWM scoring thresholds were selected to maximize MCC. Total: 
number of sequences in each complete proteome. Proteomes are identified by UniProt as 
“Reference Proteomes” and exclude fragments. Nuclear: the numbers of sequences annotated as 
nuclear proteins in the Gene Ontology as made available in UniProt. NLS1-5: class-1 to -5 
monopartite NLSs.17 Counts and proportions are based on each full proteome. 
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Table 4 
Distribution of the six classes of NLS sequences in the proteomes from different organisms, using 
the PWM approacha 
 
  
Numbers of proteins Count of proteins with NLS class Proportions of NLS class in NLS count (% Proportion of proteins with NLS class (%) 
 
MCC TP TN FP FN Total Nuclea1 2 3 4 5 610 611 612 1 2 3 4 5 610 611 612 1 2 3 4 5 610 611 612 
O. sativa 0.043 1522 31561 25001 1277 59361 2799 24930 3108 393 853 46 1489 1684 1741 72.80 9.08 1.15 2.49 0.13 4.35 4.92 5.08 42.00 5.24 0.66 1.44 0.08 2.51 2.84 2.93
S. vulgare 0.071 1058 14198 10307 841 26404 1899 10708 1259 59 409 11 379 444 442 78.10 9.18 0.43 2.98 0.08 2.76 3.24 3.22 40.55 4.77 0.22 1.55 0.04 1.44 1.68 1.67
A. thaliana 0.144 2281 17563 10342 1614 31800 3895 12132 947 61 443 17 247 311 292 83.96 6.55 0.42 3.07 0.12 1.71 2.15 2.02 38.15 2.98 0.19 1.39 0.05 0.78 0.98 0.92
V. vinifera 0.126 894 18911 8667 651 29123 1545 9193 682 62 325 7 159 143 192 85.41 6.34 0.58 3.02 0.07 1.48 1.33 1.78 31.57 2.34 0.21 1.12 0.02 0.55 0.49 0.66
S. tuberosum 0.088 644 36101 15498 460 52703 1104 15448 1213 84 613 30 270 291 291 84.69 6.65 0.46 3.36 0.16 1.48 1.60 1.60 29.31 2.30 0.16 1.16 0.06 0.51 0.55 0.55
S. lycopersicum 0.121 855 22539 10494 563 34451 1418 10901 786 81 415 20 197 228 238 84.73 6.11 0.63 3.23 0.16 1.53 1.77 1.85 31.64 2.28 0.24 1.20 0.06 0.57 0.66 0.69
S. cerevisiae 0.191 1100 3082 1351 1095 6628 2195 2383 116 6 89 2 32 46 38 87.87 4.28 0.22 3.28 0.07 1.18 1.70 1.40 35.95 1.75 0.09 1.34 0.03 0.48 0.69 0.57
H. sapiens 0.188 4642 23403 12122 3404 43571 8046 16038 1707 79 640 25 580 547 578 79.42 8.45 0.39 3.17 0.12 2.87 2.71 2.86 36.81 3.92 0.18 1.47 0.06 1.33 1.26 1.33
M. musculus 0.175 4218 16120 9856 2943 33137 7161 13517 1419 84 560 18 474 478 504 79.26 8.32 0.49 3.28 0.11 2.78 2.80 2.96 40.79 4.28 0.25 1.69 0.05 1.43 1.44 1.52
 
a See footnote to Table 3. NLS class 610, 611 612: bipartite class-6 NLSs with linker lengths 10, 11, 
and 12 residues, respectively.  
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Figures 
Fig. 1 
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Fig. 2 
 
 
 
 
 
